Introduction
Land plants are composed of above-and below-ground systems, the shoot and the root, which assimilate carbon from the air and absorb water and minerals from the soil, respectively. This spatial and functional partitioning of the plant body, which enabled plants to adapt to living on land, necessitates mobile signals mediating shoot-root communication to coordinate growth and development at the whole-plant level in response to internal and external fluctuations [1, 2] . Indeed, various signalling substances, including RNA molecules, proteins, peptides and phytohormones, have been detected in the vasculature, and they induce responses in target tissues which they reach via long-distance transport [2] . For instance, shoot growth and architecture are modulated by root-derived phytohormones; similarly, nutrient uptake activity in the root is up-regulated by shoot-derived signals, indicating that the shoot and root deliver messages to each other to induce systemic responses [1, 2] . The adaptive systemic responses and plasticity of plant growth and development regulated by long-distance signals are crucial for plants to thrive on land. In this minireview, the role of long-distance signals in transmitting information between the shoot and root in response to changes in nutrient status, nodulation, abiotic stress, and light is described.
Long-Distance Nitrogen Satiety and Hunger Signals: Cytokinins and CEP Peptides
Cytokinins are adenine-derived phytohormones involved in numerous developmental and physiological processes in plants, such as meristem activity, leaf senescence, root nodulation, and nutritional signalling [3] . There are two major types of endogenous cytokinins, N 6 -(D 2 -isopentenyl)adenine (iP) and transzeatin (tZ) cytokinins, which are primarily detected in the phloem and xylem, respectively [4] . The tZ-type cytokinins are rootderived signals that promote the growth of the above-ground parts of the plant when the rhizosphere is in a suitable condition ( Figure 1A ). The expression of the cytokinin biosynthesis gene ADENOSINE PHOSPHATE ISOPENTENYLTRASFERASE 3 (IPT3) and a cytochrome P450 monooxygenase, CYP735A2, are induced by high concentrations of nitrate in the rhizosphere; this, in turn, increases the translocation of tZ-type cytokinins and activates cytokinin signalling in the shoot [4, 5] . In addition to nitrate, the expression of IPT3 is also induced by the provision of supplementary iron, sulphate and phosphate to the root, implicating cytokinins in long-distance and local signalling of the nutrient status in the rhizosphere [5, 6] . CYP735A1 and CYP735A2, which catalyse the biosynthesis of tZ-type cytokinins, are predominantly expressed in the Arabidopsis root stele, but the cyp735a1cyp735a2 double mutant displays shoot growth defects that can be rescued either by grafting onto wildtype rootstock or via exogenous tZ treatment [7] . Consistent with this, mutation of ATP-BINDING CASSETTE TRANSPROTER SUBFAMILY G 14 (ABCG14), which is involved in xylem-loading of tZ-type cytokinins in the root, causes growth retardation in the shoot which has been attributed to a reduction in root-to-shoot translocation of tZ-type cytokinins [8, 9] . These studies indicate that root-derived tZ-type cytokinins are important signals stimulating shoot growth.
In contrast to tZ-type cytokinins, iP-type cytokinins are translocated rootward via the phloem to transmit messages from the shoot to the root [5] . Shoot-borne iP-type cytokinins, as well as locally produced cytokinins, have been suggested to serve as a signal of nitrogen satiety, regulating root architecture and suppressing nitrogen uptake in the root by inhibiting the expression of nitrate transporters in Arabidopsis ( Figure 1A ) [5] . In addition to nutritional signalling, the shoot-derived iP-type cytokinins regulate root development by modulating polar auxin transport and vascular patterning in the root meristem [10] .
Recently, a group of small peptide hormones, carboxy-terminally encoded peptides (CEPs), have been identified as rootto-shoot nitrogen hunger signals. The Arabidopsis genome encodes 15 CEPs harbouring the conserved carboxy-terminal domain from which small peptides are generated through posttranslational modification and proteolytic processing [11, 12] . Studies using the split-root system and grafting experiments have shown that CEP peptides secreted in the root act as a long-distance signal mediating systemic nitrogen-demand signalling in order to compensate for reduced nitrogen uptake due to a local nitrogen deficiency in the rhizosphere ( Figure 1A ) [12, 13] . Expression of 7 of the 15 CEPs increases in response to a local nitrogen deficiency, and the CEPs are translocated to the shoot via the xylem. In the shoot, they reach phloem cells where they are perceived by the leucine-rich repeat receptor kinases CEP RECEPTOR 1 (CEPR1) and CEPR2, which in turn initiate rootward transport of signals that increase nitrogen uptake in roots exposed to nitrogen-rich conditions by inducing the expression of nitrate transporters, such as NRT1.1 and NRT2.1 [12, 13] .
More recently, the shoot-to-root mobile signals CEP DOWNSTREAM 1 (CEPD1) and CEPD2 have been identified as CEPR1 downstream targets which are involved in induction of NRT2.1 in roots [13] . CEPD1 and CEPD2 encode paralogous 99-and 102-amino-acid non-secreted polypeptides, respectively, which are primarily expressed in shoot phloem. A cepd1cepd2 mutant is impaired in induction of NRT2.1 in response to nitrate deprivation and displays longer lateral roots with slightly pale green leaves, similar to the cepr1 mutant. The expression of CEPD1 and CEPD2 is up-regulated in shoot by either nitrogen deficiency in the rhizosphere or CEP1 treatment of roots in a CEPR1-dependent manner. Interestingly, the transcripts of CEPD1 and CEPD2 are barely detected in roots, even upon CEP1 treatment; however, a GFP-CEPD1 fusion protein that faithfully reports endogenous CEPD1 expression is observed in root phloem and endodermis, and the levels of this protein are increased by CEP1 treatment or nitrogen deficiency. The impaired induction of NRT2.1 in the cepd1cepd2 mutant can be recovered by grafting with scions of GFP-CEPD1-expressing plants, which allows movement of GFP-CEPD1 protein to the mutant rootstock. Intriguingly, although a comparable level of GFP-CEPD1 signal is detected in all root samples of GFP-CEPD1-overexpressing plants corresponding to heterogeneous nitrate condition, the induction of NRT2.1 occurs only in the root exposed to nitrate-rich conditions. These data indicate that CEPR1 activated by CEP peptides in shoot phloem increases production of CEPD polypeptides which translocate to roots, where they mediate induction of the NRT2.1 in the root exposed to nitrate-sufficient conditions to compensate for reduced nitrate uptake in the heterogeneous nitrate condition [13] .
Long-Distance Signals Regulating Nodulation: Jasmonic Acid, CLE-RS Peptides, and Cytokinins Nodulation is a process of symbiosis between legume plants and nitrogen-fixing bacteria, rhizobia, which assist plants in absorbing nitrogen in exchange for photosynthates [14] . Plants therefore need to tightly regulate the number of nodules through shoot-root communication to maintain a balance between nitrogen uptake and energy status [14] . In order to identify the long-distance signals involved in the regulation of nodulation, Nakagawa and Kawaguchi tested whether shoot-applied methyl (A) Long-distance nitrogen satiety and hunger signals: cytokinins and CEP peptides. In nitrogen-replete condition (+N), biosynthesis of tZ-type cytokinins (tZ) is induced. ABCG14 mediates xylem loading of tZ in root and facilitates transport of it to shoot, where it stimulates shoot growth. In shoot, biosynthesis of iP-type cytokinins (iP) is induced by +N condition and it translocates to root where it inhibits nitrate uptake. Expression of CEP peptides increases in root in response to a local nitrogen deficiency (-N). The CEP peptides are translocated to shoot via xylem and then perceived by receptors, CEPR1 and CEPR2 (CEPR1/2), in phloem. CEPR1/2 increase production of CEPD1 and CEPD2 (CEPD1/2), which translocate basipetally to induce nitrate uptake in the roots exposed to nitrogen-rich condition. (B) Long-distance signals regulating nodulation: jasmonic acid (JA), CLE-RS peptides, and cytokinins. There are contradictory results about the roles of JA in regulating nodulation. Further investigation is required to understand the opposite effects on nodulation reported in different studies and to clarify whether light-activated PHYB increases the level of JA in the shoot and phloem to facilitate long-distance translocation of the hormone. Nodulation induces expression of CLE-RS1 and 2, which are transported to shoot via xylem. The CLE-RS peptides are recognized by HAR1, which facilitates production of iP-type cytokinins by up-regulating a LjIPT3 in shoot phloem. The iP-type cytokinins (iP) translocate to root and inhibit nodulation. (C) Long-distance phosphate hunger signals: strigolactones (SL) and miR399. Phosphate deficiency (-P) increases production of SLs in root, which reach shoot via xylem and inhibit shoot branching. Petunia PDR1 is an SL exporter, which might be involved in the long-distance transport of SLs. Further investigation is required to clarify the mechanism underlying rootto-shoot transport of SLs. In shoot, phosphate deficiency induces expression of miR399. The miR399 is translocated to root via phloem and degrades PHO2 in root, which, in turn, induces uptake and root-to-shoot transport of phosphate by increasing expression of PHO1 and PHT1. (D) Long-distance signals mediating systemic responses to abiotic stress: abscisic acid (ABA) and calcium. Abiotic stressors, such as drought and salinity, induce production of ABA. ABCG25 is an ABA exporter involved in xylem loading of the hormone in root. The ABA delivered to shoot via xylem induces expression of stress response genes and stomatal closure. ABCG40 and AIT1 are ABA importers crucial for the stomatal closure in shoot. In addition to ABA, cytosolic concentration of calcium ([Ca 2+ ] i ) is induced by the abiotic stressors, which also elicit propagation of an increase in [Ca 2+ ] i through endodermis and cortex (dotted arrow), triggering responses in shoot. OSCA1 is a calcium channel responsible for cellular Ca 2+ uptake and the propagation of the [Ca 2+ ] i increase. (E) Shoot-to-root signals regulating root growth and nutrient uptake in response to light: sugars, HY5, and stem-piped light. Sugars are translocated to root and modulate nutrient uptake and root growth. HY5, which is induced by photoreceptors, such as PHYB, is translocated to root via xylem and induces nitrate uptake as well as root growth. In addition, light is directly transduced to the root via the stem and activates root-localized PHYB, which, in turn, stabilizes HY5 to control root gravitropism. Xy, xylem; Ph, phloem.
R974 Current Biology 27, R973-R978, September 11, 2017 Current Biology jasmonic acid (MeJA) inhibits root nodulation, since the lipidderived phytohormone jasmonic acid (JA) is well known for inducing local and systemic defence in response to plant-pathogen interactions [15] . Shoot-applied MeJA had an inhibitory effect on nodulation in Lotus japonicus. Similarly, Medicago truncatula grown on media supplemented with JA also exhibited fewer nodules, suggesting that JA suppresses nodulation ( Figure 1B) [16] . However, it has also recently been shown that Jasmonic acid-isoleucine (JA-Ile) production stimulates nodulation in Lotus japonicus in response to activation of PHYTOCHROME B (PHYB) in the shoot by a high red/far red light ratio ( Figure 1B) [17] . The phyB mutant displays reduced endogenous concentrations of JA-Ile and has fewer nodules, but exogenous treatment of phyB with JA increases the amount of nodulation per unit of root length [17] . Consistent with this, the number of infection threads in wild-type plants grown under low red/far red light conditions is significantly increased by adding JA to the medium, suggesting that red light-activation of PHYB positively regulates nodule development through JA signalling [17] . Further investigation is required to clarify whether light-activated PHYB increases the level of JA in the shoot and phloem to facilitate long-distance translocation of the hormone and to understand the opposite effects on nodulation reported in different studies ( Figure 1B) .
In addition to the CEPs described above, another set of long-distance small peptide hormones, CLAVATA3/EMBRYO-SURROUNDING REGION-ROOT SIGNAL 1 (CLE-RS1) and CLE-RS2, have been identified in Lotus japonicus [18] . CLE-RS1 and CLE-RS2 are glycopeptides which are highly induced in nodule-forming roots and are transported to the shoot via the xylem. In the shoot, the CLE-RS peptides directly bind to HYPERNODULATION ABERRANT ROOT FORMATION 1 (HAR1), a leucine-rich repeat kinase ( Figure 1B) [18] . Grafting experiments and exogenous treatment of shoots with CLE-RS peptides showed that the perception of CLE-RS peptides by HAR1 in the shoot is required to suppress nodulation in the root [18] . More recently, it has been demonstrated that CLE-RS-HAR1 signalling up-regulates the expression of LjIPT3 and the biosynthesis of iPtype cytokinins in the shoot phloem, which are then translocated to root, where they repress nodulation to adjust the balance between nitrogen and energy status ( Figure 1B) [19] .
Long-Distance Phosphate Hunger Signals
Strigolactones Strigolactones are carotenoid-derived phytohormones implicated in mycorrhizal formation, secondary growth, and the regulation of shoot and root architecture [20] . Genetic, biochemical and grafting studies have shown that root-derived strigolactones act as long-distance signalling molecules which inhibit shoot branching [21] . Mutants impaired in strigolactone biosynthesis, such as more axillary growth 1 (max1), max3 and max4 in Arabidopsis, ramosus4 in pea, and dwarf3 in rice, display accelerated shoot branching which can be rescued by grafting onto wild-type rootstock or by exogenous treatment with the synthetic strigolactone analogue GR24 [21, 22] . Although shoot-borne strigolactones are also involved in the inhibition of shoot branching, root-derived strigolactones are crucial for the suppression of axillary bud outgrowth in response to phosphate deficiency in the rhizosphere [22] . In low-phosphate conditions, biosynthesis of strigolactones is up-regulated in the root, which leads to an increase in the amount of strigolactones in the xylem sap and the suppression of axillary and tiller bud outgrowth in the shoot ( Figure 1C ) [21] [22] [23] . However, the increase in the amount of strigolactones in the xylem sap evoked by phosphate deficiency is significantly diminished in the max1 and max4 mutants, indicating that strigolactones produced in the root transmit a signal to the shoot to regulate shoot architecture [22] . A transporter involved in strigolactone transport has been identified in Petunia [24] . Petunia PLEIOTROPIC DRUG RESISTANT 1 (PDR1) belongs to ABC transporter subfamily G and is co-expressed with CAROTENOID CLEAVAGE DIOXYGENASE 8 (CCD8)/MAX4 in the hypodermis and cortex of petunia roots, where it functions as a cellular strigolactone exporter [24, 25] . In the root tip, the transporter is asymmetrically localized on the apical side of the plasma membrane of cortical cells, suggesting that there might be shootward cell-to-cell transport of strigolactones in the root tip in addition to the transport via xylem ( Figure 1C ) [20] . Further investigation is needed to clarify the molecular mechanisms underlying the long-distance transport of strigolactones. miR399 microRNAs are small non-coding RNAs which can move systemically via the vasculature to regulate the translation of target genes post-transcriptionally [26] [27] [28] . In Brassica rapa, levels of three microRNAs, miR395, miR398 and miR399, significantly increase in phloem sap in response to sulphate, copper and phosphate deficiency, respectively, indicating that these miRNAs act as systemic signals for nutrient availability in plants [28, 29] . Indeed, grafting between wild-type and miR399-overexpressing plants showed that miR399 from the scion acts as a signal directly inhibiting expression of PHOSPHATE 2 (PHO2) in the rootstock [30, 31] . Shoot-derived miR399-mediated downregulation of PHO2 results in the hyper-accumulation of phosphate in the scion, which is consistent with the phenotype of the pho2 mutant [30] . More recently, it has been demonstrated that PHO2, a ubiquitin-conjugating E2 enzyme, mediates the protein degradation of the PHOSPHATE TRANSPORTER 1 family members and PHOSPHATE 1, which are implicated in phosphate uptake and xylem loading, respectively [32, 33] . Taken together with the phosphate-starvation-specific up-regulation of miR399, these studies indicate that miR399 is a shoot-derived signal triggering uptake and root-to-shoot transport of phosphate in roots in phosphate-deprived conditions ( Figure 1C ) [34] .
Long-distance Signals Mediating Systemic Responses to Abiotic Stress
Abscisic acid Abscisic acid (ABA) is a terpenoid phytohormone which plays important roles in responding to various abiotic stressors, including salinity, drought, cold, and wounding [35] . The biosynthesis of ABA is up-regulated by abiotic stress and induces stomatal closure, as well as the expression of stress responsive genes ( Figure 1D ) [35] . ABCG25, an ABC transporter, is highly expressed in the vasculature together with ABA biosynthesis genes, and it exports ABA from cells, mediating the root-toshoot translocation of the hormone and facilitating its role in intercellular signalling [36, 37] . Overexpression of ABCG25 results in slower rate of water loss from detached leaves and increased leaf temperature, which indicates a decrease in Current Biology 27, R973-R978, September 11, 2017 R975 Current Biology transpiration rate, implying that the gene stimulates stomatal closure ( Figure 1D ) [36] . By contrast, the mutation of ABA uptake transporters, such as ABCG40 or ABA-IMPORTING TRANSPORTER 1 (AIT1), results in delayed stomatal closure and lower temperature in leaves and inflorescence stems, respectively, indicating that ABA transport is involved in ABAdependent stomatal movement crucial for responses to drought stress ( Figure 1D ) [38, 39] . Even though it is widely accepted that drought stress stimulates the root-to-shoot translocation of ABA ( Figure 1D) , it has been also demonstrated that ABA from diverse sources induces stress responses in shoot [37] . For instance, guard cell-autonomous production of ABA has been demonstrated to be involved in stomatal closure, and drought stress also results in the transport of an unknown hydraulic signal from the root to the shoot, where it stimulates ABA biosynthesis in the vasculature [37] . Further biochemical and grafting studies are necessary to elucidate the role of long-distance transport of ABA in the shoot. Calcium Another well-known long-distance signal involved in abiotic stress response is calcium. The cytosolic concentration of calcium ([Ca   2+ ] i ) escalates in response to abiotic and biotic stress [40] . It has been demonstrated that salt and osmotic stress in roots elicit the propagation of an increase in [Ca 2+ ] i throughout the plant body, triggering responses in the shoot ( Figure 1D ) [41, 42] . For instance, local application of salt stress in the root initiates a long-distance systemic wave of [Ca 2+ ] i increase through the endodermis and cortex, which results in the upregulation of salt stress response genes, such as SALT OVERLY SENSITIVE 1 (SOS1), SOS2 and CALCIEURIN B-LIKE PROTEIN 10, in the shoot [41] . Similarly, osmotic stress in the rhizosphere evokes the propagation of a [Ca 2+ ] i increase from root to leaves, which is necessary for stomatal closure in response to the osmotic stress [42] . [42] . In addition to the abiotic stress-induced long-distance propagation of the [Ca 2+ ] i increase, Ca 2+ is also known to be transported from the root to the shoot through the transpiration stream in the xylem, and diurnal oscillations of [Ca 2+ ] i have been observed [40] .
Shoot-to-Root Signals Regulating Root Growth and Nutrient Uptake in Response to Light: Sugars, HY5, and Stem-Piped Light The observation that either nutrient starvation or exposure to light elevates the level of sucrose in the phloem and the expression of nitrate, ammonium, sulphate, and phosphate transporters in the root indicates that sucrose is a shoot-to-root signal regulating nutrient uptake ( Figure 1E ) [1, 43] . In fact, it has been demonstrated that glucose-6-phosphate (G6P) derived from sucrose is required for the up-regulation of nutrient transporters in the root [43] . The pho3 mutant, which harbours a mutation in the SUCROSE-PROTON SYMPORTER 2 (SUC2) gene involved in phloem-loading of sucrose, displays a phosphate-deficient phenotype and reduced induction of phosphate starvation response genes in roots lacking phosphate [44, 45] . By contrast, overexpression of SUC2 leads to enhanced responses to phosphate starvation [44] , indicating that sucrose translocated to the root via the phloem transmits a signal to modulate phosphate-deficiency responses depending on the aboveground environment. This regulation of nutrient uptake by shoot-derived sugars would enable plants to increase nutrient uptake if the shoot is in a suitable condition where it actively grows and provides sufficient energy via photosynthesis. Therefore, the sucrose-dependent regulation of nutrient uptake would contribute to optimising plant growth and responses depending on environmental conditions by integrating energy status and nutrient demands. In addition to the promotion of nutrient uptake, shoot-derived sucrose and glucose have also been shown to be necessary to promote root growth [46, 47] . The molecular mechanism underlying sugar/glucose perception and the regulation of root growth, which involves three major regulators, HEXOKINASE 1, ARABIDOSIS PROTEIN KINASEs and TARGET OF RAPAMYCINE, has been recently reviewed [47] .
As light provides plants energy and modulates plant growth and development, the light status needs to be promptly recognised by shoot and root to coordinate physiological and developmental processes at the whole-plant level. Even though, as described above, sucrose can be a signalling molecule reflecting light status, it cannot be a rapid signal since its biosynthesis requires photosynthesis and it is used in many molecular processes in plants. It has been known that light perceived by photoreceptors can transduce signals to regulate growth of root as well as shoot. In Arabidopsis, the bZIP transcription factor ELONGATED HYPOCOTYL 5 (HY5) activated by photoreceptors, such as PHYB, modulates root and shoot growth in response to light [48] . Recently, Chen and co-workers demonstrated that HY5 is transmitted from the shoot to the root via the phloem and promotes root growth and nitrate uptake by activation of NRT2.1 in a light-dependent manner [49] . The hy5 mutant is impaired in light-promoted root growth and nitrate uptake, which can be recovered by grafting with scions of transgenic plants expressing HY5-GFP or myc-HY5, which allows the movement of HY5 proteins but not transcripts to the mutant rootstock [49] . In addition, when the hy5 mutant rootstock is grafted with a scion expressing HY5-GFP driven by the phloem-companion-cell specific SUC2 promoter, it exhibits a HY5-GFP signal and the growth and nitrate uptake defects are complemented, indicating that the HY5 protein is translocated via the phloem to mediate light-promoted root growth and nitrate uptake ( Figure 1E ) [49] . In the shoot, light-induced HY5 directly up-regulates the expression of PHYTOENE SYNTHASE, TREHALOSE-6-PHOSPHATE SYNTHASE, SWEET11 and SWEET12, which are involved in carbon fixation and shoot-toroot translocation of photosynthates, suggesting that HY5 acts as a shoot-to-root mobile signal coordinating the growth and activity of the shoot and root in a light-dependent manner [49] . Sucrose-promoted root growth and NRT2.1 expression are significantly diminished in the hy5 mutant, indicating that HY5 plays a crucial role in sucrose-mediated root growth and nutrient uptake [49] . More recently, it has been demonstrated that HY5 proteins in the root, the level of which is regulated by PHYB in the root, play a crucial role in modulating root growth together with shoot-derived HY5 [50] . Reciprocal grafting between wild-type and phyB mutant plants showed that root PHYB is necessary for HY5 protein accumulation in the root upon illumination of the shoot. Interestingly, experiments using optical tools showed that light shone on the shoot is directly transduced to the root via the stem and activates root-localized PHYB which, in turn, stabilizes HY5 to control root gravitropism ( Figure 1E ) [50] .
Conclusion
In this minireview, we have described the roles of various longdistance signals involved in systemic responses to environmental changes. Nutrient status in the rhizosphere is perceived by the root, which, in turn, transmits satiety or hunger signals to induce responses not only in the root but also in the shoot. In addition, the number of nodules in the root is tightly regulated by root-to-shoot and shoot-to-root signalling networks in order to balance nutrient and energy status. Abiotic stress in the root initiates shootward transport of stress signals to induce stress responses on the whole-plant level. From the shoot, sugars, light-activated HY5, and light itself translocate to the root to activate root growth and nutrient uptake. These long-distance messengers transmit information regarding environmental and endogenous changes to distant tissues, enabling plants to integrate their responses at the whole-plant level in order to optimize growth and development, which is essential for them to adapt to an ever-changing environment. Characterizing these processes is therefore important not only in order to acquire a basic understanding of plant life but also to breed plants which can grow optimally in diverse cultivation schemes.
